Abstract Autosomal dominant distal renal tubular acidosis (dRTA) is a rare disorder caused by a mutation in the AE1 gene encoding the chloride-bicarbonate (Cl -/HCO 3 -) anion exchanger 1 (AE1). Most patients with this disorder present with clinical symptoms in adulthood and their phenotype is milder than that of those with autosomal recessive dRTA. In this report, we describe a Japanese family with autosomal dominant dRTA in which the mother and her daughter presented with severe symptoms caused by hypokalemia at 2 years of age. The heterozygous AE1 mutation G609R, which is a known causative mutation of dRTA, was identified in both patients. To our knowledge, this is the first report of a Japanese family with autosomal dominant type dRTA caused by an AE1 mutation. We, therefore, propose that alterations of AE1 should be considered causative of autosomal dominant dRTA even if typical symptoms appear during early childhood and the clinical features are severe.
Introduction
Patients with renal tubular acidosis have impaired acid secretion or bicarbonate reabsorption, resulting in hyperchloremic metabolic acidosis [1, 2] . Distal renal tubular acidosis (dRTA) is caused by the defective acidification of urine in the distal nephron following the impaired excretion of hydrogen ions, and affected patients show hypokalemia, hypercalciuria, metabolic bone disease, nephrocalcinosis, and/or nephrolithiasis [3, 4] . dRTA is often a secondary development to autoimmune diseases, systemic diseases, or drug administration. Familial dRTA is etiologically rare and is inherited as an autosomal dominant or recessive trait [1] . Mutations in the anion exchanger 1 (AE1) protein encoded by AE1 (SLC4A1) (MIM109270) have been reported as the sole genetic cause of autosomal dominant dRTA (MIM#179800) [1] [2] [3] [4] .
Most patients with autosomal dominant dRTA present with nephrocalcinosis during adulthood, and show no clinical symptoms in their childhood [1, 3] . Causative mutations in AE1 were previously shown to have a dominant negative (DN) effect in a study of genetically modified cells [5] [6] [7] . Such DN mutations are often observed in Caucasian patients [6] [7] [8] , whereas defective-type AE1 mutations are more commonly seen in East Asian patients with autosomal recessive dRTA [9] . To the best of our knowledge, there has been no report of Japanese patients with dRTA caused by DN-type mutations in AE1. Here, we report the first known Japanese family in which a mother and her daughter diagnosed with autosomal dominant dRTA caused by a DN-type mutations in AE1 presented with symptoms in their early childhood.
Case report
A 2-year-old Japanese girl was referred and admitted to her local hospital because of muscle weakness and gait disturbance following a mild upper respiratory tract infection. She was born at full term by normal vaginal delivery with a birth weight of 3,021 g, and showed normal development.
On admission, her height was 87 cm (-1.4 SD) and her weight was 13 kg (0.0 SD). Physical examination showed paralysis and extremely decreased deep tendon reflex in the extremities. Consciousness, cranial nerves, respiratory muscles, and peripheral sensations were all intact. Laboratory evaluation of the patient is shown in Table 1 . She showed hyperchloremic metabolic acidosis with a normal serum anion gap and high urine pH in spite of acidemia associated with severe hypokalemia, hypercalcinuria, and hyperammonemia. A complete blood count, and hepatic and renal function were within normal ranges. Abdominal ultrasound showed normal kidneys without nephrocalcinosis. She showed no evidence of failure to thrive or rickets. Her red cell morphology on a blood smear was normal without ovalocytosis or spherocytosis. Based on clinical symptoms and laboratory data, we diagnosed dRTA. After starting oral alkali therapy by sodium citrate and potassium citrate for dRTA, metabolic acidosis and hypokalemia were soon corrected and her growth rate improved, with her height catching up to -0.4 SD in a year. Her mother shared the same clinical history of polydipsia, polyuria, and periodic paralysis caused by hypokalemia at 2 years of age. She had been diagnosed with dRTA at 7 years of age, presenting with hyperchloremic metabolic acidosis, rickets, a severe failure to thrive (-2.8 SD in height), and bilateral nephrocalcinosis, and had received alkali therapy since then. Based on the clinical symptoms and laboratory data of the patient and her mother, we diagnosed them both as having autosomal dominant dRTA. After obtaining informed consent, we conducted genetic analysis of the patient and her mother under the approval of the Institutional Review Board (IRB)/Ethics Committee of Kyushu University (approval number 434-00). Both individuals were shown to carry the heterozygous missense mutation G609R in exon 15 of AE1 (Fig. 1) . Because this mutation has been described as causative of dRTA [7] and since it was not identified in 50 Japanese normal control individuals, the mother and daughter were diagnosed as having familial dRTA with an autosomal dominant trait caused by an AE1 mutation.
Discussion
The strict control of the acid-base balance within a narrow range of around pH 7.4 is vital for our survival and the optimal function of physiological process. Kidneys are key regulators of this through their secretion of protons (H ? ) from the distal nephron and reabsorption of bicarbonate (HCO 3 -) in the proximal tubule. RTA is characterized by the presence of hyperchloremic metabolic acidosis with a normal anion gap in the setting of a preserved renal function [1, 2] . Inherited forms of RTA are rare and acquired forms such as Sjögren's syndrome are more common in clinical practice [1] . dRTA represents a failure of a-intercalated cells (a-ICs) in the collecting tubules to acidify the urine [4] . a-ICs secrete protons into the tubular lumen through the apical H ? -ATPase functionally coupled to the basolateral Cl -/ HCO 3 -exchanger AE1 [10] . AE1 mutations are causative of both autosomal dominant and recessive dRTA [6] [7] [8] [9] , whereas mutations in ATP6V1B1 or ATP6V0A4, encoding the subunits of H ? -ATPase, are responsible for autosomal recessive dRTA, which is often associated with sensorineural hearing loss [11, 12] . AE1 belongs to the SLC4 family of genes located on chromosome 17q21-22. In mammals, AE1 is mainly expressed at the basolateral surface of a-ICs in the collecting duct of the kidney (kAE1) and erythrocyte cell membrane (eAE1). The eAE1 isoform is 65 amino acids longer at its NH 2 terminus than the kAE1 isoform, and enables the erythrocyte to maintain its cytoskeletal structure [13] . Although most autosomal recessive dRTA patients in Southeast Asia present with hemolytic anemia as a result of ovalocytosis or hereditary spherocytosis, dominant mutant proteins were mainly shown to retain their normal Cl -/HCO 3 -exchange function in erythrocytes, and hemolytic anemia was rarely observed [6] .
Several studies have shown that a trafficking defect in the mutant protein rather than a lack of function was the major mechanism underlying the pathogenesis of dRTA caused by AE1 mutations [6, 7] . Rungroj et al. [7] previously identified the G609R (Gly609Arg) AE1 mutation, detected in our present cases, in a large Caucasian pedigree of patients with autosomal dominant distal RTA. This earlier study demonstrated that Gly609 in the seventh transmembrane domain played an important role in targeting kAE1 to the correct cell surface compartment, and that the G609R mutation had DN effects that impaired tracking and expression of AE1 on the basolateral membrane.
Although the epidemiology of this rare disorder remains unknown, most cases of autosomal dominant dRTA caused by AE1 mutations have been reported in Caucasians [6] [7] [8] 14] , with only a few seen in Asian countries [15, 16] ; no previous reports have been made of Japanese familial cases. Autosomal dominant cases of dRTA are usually diagnosed at a later age and show a milder phenotype than autosomal recessive cases [1, 3] . However, the spectrum of phenotypic severity of this disorder is considerably broad, and some studies reported that patients with the autosomal dominant type of dRTA presented with a severe phenotype in their early childhood [6] [7] [8] 15] . To date, genotypephenotype correlations of autosomal dominant dRTA have not been reported. We speculate that even a small difference in expression from each AE1 allele might significantly affect the balance of normal and DN AE1 molecules, which in turn would influence phenotype diversity. The previous reported case with G609R developed dRTA at 6 years of age as early as our case [7] . Therefore, this mutation might be associated with clinical phenotypes of dRTA.
In conclusion, we report the first known Japanese familial cases of autosomal dominant dRTA confirmed by mutation analysis of AE1. We propose clinicians should consider that patients with autosomal dominant dRTA may show clinical symptoms in their early childhood. Further, genetic and clinical investigations are needed for a better understanding of this disorder.
